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[Title of the Invention] METHOD FOR PRODUCING SINGLE WALL 
CARBON NANOTUBES AND METHOD FOR REMOVING ZEOLITE 
[Abstract] 

[Problem] Known methods for synthesizing carbon nanotubes, 
5 such as laser vapor deposition and arc discharge, are 
unsuitable for large-scale synthesis, and generate much 
impurities such as amorphous carbon. On the other hand, 
pyrolysis methods have problems with stability of the 
catalyst metal at the reaction temperature, control of the 
10 structure of catalyst particles, and control of the 
particle diameter during heating. 

[Means for Solving the Problem] The present invention 
provides a method for producing single wall carbon 
nanotubes, including steps of feeding a hydrocarbon gas and 
15 a carrier gas onto a substrate composed of a heat-resistant 
porous carrier and catalyst particles dispersed therein, 
and synthesizing single wall carbon nanotubes in the vapor 
phase through pyrolysis of the hydrocarbon gas. 
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[Scope of Claims] 

[Claim 1] A method for producing single wall carbon 
nanotubes, comprising steps of feeding a hydrocarbon gas 
and a carrier gas onto a substrate composed of a heat- 
5 resistant porous carrier and catalyst particles dispersed 
therein, and synthesizing single wall carbon nanotubes in 
the vapor phase through pyrolysis of the hydrocarbon gas. 
[Claim 2] The method for producing single wall carbon 
nanotubes according to Claim 1, wherein the pore diameter 

10 of the porous carrier is 3 nm or less. 

[Claim 3] The method for producing single wall carbon 
nanotubes according to Claim 1, wherein the porous carrier 
is zeolite, porous silica, or an oxide having a hollow 
structure containing at least one pore. 

15 [Claim 4] The method for producing single wall carbon 
nanotubes according to Claim 3, wherein the zeolite is 
heat-resistant. 

[Claim 5] The method for producing single wall carbon 
nanotubes according to Claim 4, wherein the zeolite 
20 comprises Si02 and AI2O3, and the molar ratio of Si02 to 
AI2O3 is 5 or more. 

[Claim 6] The method for producing single wall carbon 
nanotubes according to Claim 4, wherein the zeolite 
comprises Si02 and AI2O3, and the molar ratio of Si02 to 
25 A1203 is 10 or more. 

[Claim 7] The method for producing single wall carbon 
nanotubes according to any one of Claims 1 to 6, wherein 
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the catalyst particles are carried on the surfaces of the 
pores of the porous carrier, and/or embedded in the pores 
of the porous carrier. 

[Claim 8] The method for producing single wall carbon 
5 nanotubes according to Claim 1, wherein the catalyst 

particles are attached to the surfaces of the pores of the 
porous carrier, and/or embedded in the pores of the porous 
carrier by stirring the solution containing the catalyst 
particles and the porous carrier, and then heating the 
10 solution. 

[Claim 91 The method for producing single wall carbon 
nanotubes according to Claim 8, wherein the solution is 
stirred by ultrasonic vibration. 

[Claim 10] The method for producing single wall carbon 
15 nanotubes according to Claim 7, wherein the catalyst 

particles are attached to the surfaces of the pores of the 
porous carrier, and/or embedded in the pores of the porous 
carrier by adding the catalyst particles and the porous 
carrier to a supercritical fluid, and then heating the 
20 fluid. 

[Claim 11] The method for producing single wall carbon 
nanotubes according to any one of Claims 1 to 10, wherein 
the temperature of the synthesis of the single wall carbon 
nanotubes through pyrolysis of the hydrocarbon gas is 800°C 
25 or higher. 

[Claim 12] The method for producing single wall carbon 
nanotubes according to any one of Claims 1 to 11, wherein 
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the porous carrier contains the catalyst particles at a 
ratio of 0.1 to 20 wt% . 

[Claim 13] The method for producing single wall carbon 
nanotubes according to any one of Claims 1 to 11, wherein 
5 the porous carrier contains the catalyst particles at a 
ratio of 0.2 to 5 wt%. 

[Claim 14] The method for producing single wall carbon 
nanotubes according to any one of Claims 1 to 13, wherein 
the volume of the synthesis reaction tube for producing the 

10 single wall carbon nanotubes is V ml, the flow rates of the 
carrier gas and the hydrocarbon gas are x x V ml/min and y 
X B ml/min, respectively, and the ranges of the x min'^ and 
y min*^ are 1/100 < x < 1 and 1/1000 < y < 1/5, respectively. 
[Claim 15] The method for producing single wall carbon 

15 nanotubes according to Claim 14, wherein the flow rates of 
the carrier gas and the hydrocarbon gas are within the 
range described in Claim 14, and the hydrocarbon gas and 
the carrier gas are fed onto the substrate and pyrolyzed 
for about 30 minutes. 

20 [Claim 16] The method for producing single wall carbon 

nanotubes according to any one of Claims 1 to 15, wherein 
the hydrocarbon gas is acetylene. 

[Claim 17] A single wall carbon nanotube having a diameter 
of 1.2 nm or less produced by the method according to any 
25 one of Claims 1 to 16. 

[Claim 18] A method for removing a heat-resistant porous 
carrier used for the vapor phase synthesis of carbon 
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nanotubes, comprising adjusting the ambient pressure to 1 
Terr, more preferably 0.01 Torr or less, and the heat 
treatment temperature to 1400°C or higher, more preferably 
2000°C or higher after the vapor phase synthesis of the 
5 carbon nanotubes. 

[Detailed Description of the Invention] 
[0001] 

[Technical Field] The present invention relates to a 
method for producing carbon nanotubes. Specifically, the 
10 present invention relates to a method for producing single 
wall carbon nanotubes, and a method for removing zeolite. 
[0002] 

[Prior Art] Carbon nanotubes are cylinders of carbon atoms, 
and have diameters on the order of nanometers. Carbon 

15 nanotubes are attracting attention as carbon-based highly 
functional materials having excellent electrical 
conductivity, electron emission properties, and gas 
occlusion properties. Examples of the method for producing 
carbon nanotubes include arc discharge with graphite, and 

20 laser evaporation wherein heated graphite is irradiated 
with laser light. 

[0003] Also suggested are pyrolysis methods (CVD methods) , 
wherein carbon nanotubes are produced through pyrolysis of 
a hydrocarbon gas with a catalyst. Known pyrolysis methods 
25 include a method including application of a catalyst onto a 
substrate such as a Si substrate or alumina powder, and a 
method including suspending a catalyst in the vapor phase. 
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The pyrolysis methods are described in the following 
references . 

[0004] In Chem. Phys . Lett. 260 (1996) 471, H. Dai et al . 
reported that single wall tubes were obtained by placing a 
5 powder, composed of fumed alumina particles carrying 

thereon fine particles of a Mo compound, on a quartz boat 
for 1 hour within a stream of 1200 seem of carbon monoxide 
gas at 1200 "^C. 

[0005] In J. Phys. Chem. B 103 (1999) 6484, A. M. Cassel 
10 et al. reported that single wall tubes were obtained by 
placing a powder composed of an alumina/silica hybrid 
support carrying thereon Fe/Mo particles on a quartz boat 
for 2 to 45 minutes within a stream of 6000 cm^/min of 
methane gas at 900®C. 
15 [0006] In Chem. Phys. Lett. 317 (2000) 83, J.-F. Colomer 
et al. reported that single wall tubes were obtained by 
placing a powder composed of a magnesium oxide powder 
carrying thereon Co, Ni, or Fe particles, or mixtures 
thereof (Co/Fe) on a quartz boat for 10 minutes within a 
20 stream of 75 ml/min / 300 ml/min of methane / hydrogen 
mixed gas at 1000°C. 

[0007] Japanese Patent No. 3044280 discloses that carbon 
nanotubes (either single wall or multiwall) are synthesized 
at a low reaction temperature (400 to 1000°C) through 
25 pyrolysis of a hydrocarbon on a porous inorganic carrier 

and a metal catalyst attached thereto in the presence of a 
pyrolysis promoting agent. 
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[0008] Japanese Unexamined Patent Application Publication 
No. 11-11917 discloses that carbon nanotubes (either single 
wall or multiwall) are synthesized by plasma CVD, wherein 
aluminum is anodized to form pores (diameter: 5 to 200 nm) , 
5 and a catalyst composed of at least one metal selected from 
Fe, Co, and Ni is formed on the bottoms of the pores. 
[0009] 

[Problems to be Solved by the Invention] Laser vapor 
deposition and arc discharge are unsuitable for large-scale 

10 synthesis, and generate much impurities such as amorphous 
carbon. In addition, single wall carbon nanotubes 
synthesized by laser vapor deposition usually have a 
diameter of about 1.2 nm, though it varies depending on the 
type and combination of the catalyst metals. 

15 [0010] On the other hand, pyrolysis methods have problems 
with stability of the catalyst metal at the reaction 
temperature, control of the structure of catalyst particles, 
and control of the particle diameter during heating. More 
specifically, catalyst particles flocculate during 

20 temperature rise from room temperature to the reaction 

temperature, which hinders growth of single wall tubes from 
the particles, and promotes the formation of multiwall 
tubes . 

[0011] Accordingly, the present invention is intended to 
25 provide a method for producing single wall carbon nanotubes 
which solves the above problems. The object is achieved by 
combinations of characteristics described in independent 
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claims in the Scope of Claims herein. Dependent claims 
define more advantageous specific examples of the present 
invention . 
[0012] 

5 [Means for Solving the Problem] The present invention 
provides a method for producing single wall carbon 
nanotubes, including steps of feeding a hydrocarbon gas and 
a carrier gas onto a substrate composed of a heat-resistant 
porous carrier and catalyst particles dispersed therein, 

10 and synthesizing single wall carbon nanotubes in the vapor 
phase through pyrolysis of the hydrocarbon gas. 
[0013] By this method, the catalyst which is dispersed and 
attached to the pores of the porous carrier at room 
temperature or by prebalcing, is stable at the reaction 

15 temperature, which allows the synthesis of thin single wall 
tubes according to the diameter of the catalyst, 
[0014] In the method for producing single wall carbon 
nanotubes, the pore diameter of the porous carrier may be 3 
nm or less. The porous carrier may be zeolite, porous 

20 silica, or an oxide having a hollow structure containing at 
least one pore. The porous silica is, for example, MCM or 
FSM. The oxide having a hollow structure is composed of, 
for example, aluminum oxide. 

[0015] In the method for producing single wall carbon 
25 nanotubes, zeolite may be heat-resistant. The zeolite may 
contain Si02 and AI2O3, wherein the molar ratio of Si02 to 
AI2O3 is 5 or more, preferably 10 or more. 
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[0016] In the method for producing single wall carbon 
nanotubes, the catalyst particles may be carried on the 
surfaces of the pores of the porous carrier, and/or 
embedded in the pores of the porous carrier. The catalyst 
5 particles may be attached to the surfaces of the pores of 
the porous carrier, and/or embedded in the pores of the 
porous carrier by stirring a solution containing the 
catalyst particles and the porous carrier, and then heating 
the solution. In this case, the solution containing the 

10 catalyst particles and the porous carrier may be stirred by 
ultrasonic vibration. Alternatively, the catalyst 
particles may be attached to the surfaces of the pores of 
the porous carrier, and/or embedded in the pores of the 
porous carrier by catalyst particles by adding the catalyst 

15 particles and the porous carrier to a supercritical fluid, 
and then heating the supercritical fluid. 
[0017] In the method for producing single wall carbon 
nanotubes, the temperature of the synthesis of the single 
wall carbon nanotubes through pyrolysis of the hydrocarbon 

20 gas may be SOO^C or higher. 

[0018] In the method for producing single wall carbon 
nanotubes, the content of the catalyst particles in the 
porous carrier may be 0.1 to 20 wt%, preferably 0.2 to 5 
wt% . 

25 [0019] In the method for producing single wall carbon 
nanotubes, the flow rates of the carrier gas and the 
hydrocarbon gas are within the ranges defined by x and y. 
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respectively (for example, when the volume of the reaction 
tube is 6000 ml, the flow rates of the carrier gas and the 
hydrocarbon gas are 150 ml/min and 10 ml/min, respectively, 
X = 1/40 min'\ and y = 1/600 min'M . The time of pyrolysis 
of the carrier gas and the hydrocarbon gas fed onto the 
substrate may be about 30 minutes. The hydrocarbon gas may 
be acetylene. 

[0020] Another aspect of the invention is a method for 
removing a heat-resistant porous carrier used for the vapor 
phase synthesis of carbon nanotubes, including adjusting 
the ambient pressure to 1 Torr, more preferably 0.01 Torr 
or less, and the heat treatment temperature to 1400°C or 
higher, more preferably 2000°C or higher after the vapor 
phase synthesis of the carbon nanotubes. 

[0021] According to the method, the heat-resistant porous 
carrier which is stable against acids is appropriately 
removed . 

[0022] [Operations and Advantages] In the present 
invention, catalyst particles are uniformly dispersed in 
the pores of a porous carrier, and stably carried in the 
pores of the porous carrier even at high temperature, which 
allows efficient production of single wall carbon having a 
diameter according to the pore diameter. In addition, the 
production method of the present invention allows 
continuous operation, which enables the synthesis of carbon 
nanotubes at large scales. 

[0023] As described above, the present invention allows 
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efficient production of single wall carbon nanotubes having 
a uniform diameter and high purity. The single wall carbon 
nanotubes synthesized according to the present invention 
are useful as, for example, hydrogen occlusion materials, 
5 electrode materials for Li batteries, e 1 ec t ron - emi t t ing 

device materials, electric double layer capacitor materials, 

or probes for SPMs (scanning probe microscopes). 

[0024] 

[Descriptions of the Embodiments] [Embodiment 1] Fig. 1 

10 is a schematic view of the single wall nanotube (SWNT) 
synthesizing apparatus according to Embodiment 1 of the 
present invention. The synthesizing apparatus includes an 
electric furnace 1 composed of a heater and an insulating 
material, a quartz tube 2, a gas introduction/exhaust 

15 system (not shown) , and a quartz boat 3 for carrying a 

catalyst/support material. In addition, though not shown 
in Fig. 1, the apparatus further includes a growth 
temperature control system, a vacuum control system, and a 
gas flow meter. 

20 [0025] Using the apparatus, carbon nanotubes are 

synthesized by the following procedure. A catalyst/support 
material powder prepared in advance is placed on the quartz 
boat, and the boat is placed in the center of the electric 
furnace 1 (quartz tube 2). The quartz tube 2 is tightly 

25 closed, and the pressure is reduced to a predetermined 

pressure (for example, about 10'^ Torr or more) using the 
exhaust system. Thereafter, the atmosphere in the tube is 
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replaced with an inert gas such as an Ar or N2 gas, and the 
pressure is adjusted to the intended ambient pressure 
through the control of the inflow and outflow rates of the 
gas. Prebaking is conducted by heating the boat at a 
5 temperature lower than the reaction temperature (for 
example, 600**C) for 30 minutes in a non-oxida tive 
atmosphere (for example Ar, H2, N2 or mixtures thereof) . 
Subsequently, the temperature is increased to the reaction 
temperature, and then a carrier gas (for example Ar, H2, N2 
10 or mixtures thereof) and a hydrocarbon gas are made to flow 
for, for example, several minutes to several hours at an 
appropriated flow rate ratio thereby synthesizing carbon 
nanotubes with high purity. 

10026] In Chem. Phys . Lett. 303 (1999) 117, K. 

15 Mukhopadhyay et al. describe that multiwall carbon 
nanotubes can be synthesized by the above - described 
procedure. K. Mukhopadhyay et al. reports synthesis 
examples at SOO'^C and TOO^'C. The present inventors have 
eagerly studied the support material, catalyst, and 

20 reaction temperature, and have found that synthesis of 

^'single wall" carbon nanotubes through the pyrolysis of a 
hydrocarbon gas (CVD) requires heating at 800°C or higher. 
Thus, the inventors have established various growth 
conditions necessary for the synthesis. 

25 [0027] In the above embodiment, single wall nanotubes are 
synthesized using a porous carrier which is thermally 
stable at the reaction temperature of the single wall 
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nanotubes. In the embodiment, the catalyst, which is 
dispersed and attached to the pores of the porous carrier 
at room temperature or by prebaking, is stable at the 
reaction temperature, which allows the synthesis of thin 
single wall tubes according to the diameter of the catalyst. 
[0028] The support material is preferably a porous carrier 
having a pore diameter of 3 nm or less. Specific examples 
of preferable porous carriers include heat-resistant 
zeolite, porous silica (FSM: folded sheets mesoporous 
material), and aluminum oxide having a hollow structure. 
The use of the porous carrier allows the synthesis of 
single wall tubes with high purity without inclusion of 
multiwall tubes or carbon impurities. 

[0029] The heat-resistant zeolite has an Si02/Al203 ratio 
of 5 or more, preferably 10 or more. When the zeolite is 
powder, its average particle diameter is 0.1 to 100 |xm, 
preferably 5 to 10 ym . 

[0030] The aluminum oxide having a hollow structure is in 
particular preferably a carrier having at least one pore as 
that obtained by the emulsion combustion method. 

[0031] Other examples of the porous carrier include Icnown 
alumina, silica, magnesia, zirconia, titania, and hybrid 
materials composed of them. 

[0032] Typical examples of the catalyst include catalyst 
metal compounds such as acetate complexes. However, the 
catalyst is not limited to them, and may be a Icnown metal 
salt or a metal catalyst to achieve the same effect. The 
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catalyst may be a one-way catalyst such as Fe or Co 
catalyst, a binary catalyst such as a Fe/Co, Ni/Co, Mo/Co, 
or Ni/Fe catalyst, or a three-way catalyst such as a 
Fe/Ni/Co catalyst. The amount of the catalyst is 
5 preferably 0.1 to 20 wt, more preferably about 1 to 10 wt% 
with respect to the carrier. If the amount of the catalyst 
is below the range, the yield of the single wall tubes 
decreases, and if beyond the range, generation of the 
multiwall tubes and carbon impurities can be promoted, 

10 [0033] The catalyst is preferably carried on the surface 
or in the inside of the pores of the porous carrier in the 
form of catalyst particles. This allows efficient 
production of single wall tubes having a diameter according 
to the pore diameter with good reproducibility- The 

15 catalyst particles are carried on the surface or in the 

inside of the pores of the porous carrier by, for example, 
stirring a solution containing the catalyst particles and 
the porous carrier (the solution may be stirred by 
ultrasonic vibration), and then heating the solution. More 

20 specifically, the catalyst is placed in pure water and/or 
an organic solvent together with a porous carrier dried at 
80®C or higher, and the mixture is stirred thereby 
impregnating the porous carrier with the solution. The 
carrier is dried, and then pulverized to be used as 

25 catalyst. In another method, for example, a thin film of a 
porous carrier (for example, zeolite thin film) is formed 
directly on the surface of a quartz or silicon substrate. 
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onto which a solution containing a catalyst dispersed in 
pure water and/or an organic solvent is applied by, for 
example, spinner coating, and then the substrate is dried 
at 80*^0 or higher to be used as catalyst. 
5 [0034] In another method for attaching the catalyst 

particles to the surf ace/ ins ide of the pores of the porous 
carrier, the catalyst particles and the porous carrier are 
added to a supercritical fluid, and then the fluid is 
heated. A supercritical fluid is neither gaseous nor 

10 liquid, being formed by abruptly raising the density of a 
gas above its critical temperature and critical pressure. 
Application examples of supercritical fluids include 
supercritical extraction of caffeine and nicotine from 
coffee and cigarettes. A supercritical fluid has a 

15 dissolution power equal to that of liquids, and high 

dif fusibility and low viscosity equivalent to those of 
gases. Since a supercritical fluid has no surface tension, 
it readily transports reaction precursors to fine pores 
below the order of microns. Specifically, a metal complex 

20 (reaction precursor) such as a metal acetate is dissolved 
in a supercritical fluid such as carbon dioxide. The 
solubility can be adjusted by the temperature, pressure, or 
entrainer (additive). Examples of the supercritical fluid 
include carbon dioxide, methane, ethane, ethylene, propane, 

25 butane, methanol, ethanol, and acetone. Examples of the 
entrainer include xylene and toluene. When supercritical 
carbon dioxide is used, the metal complex is instilled in 
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the pores under conditions at or above the critical point 
(critical temperature: 31.0°C, critical pressure: 72.9 
atmospheres), for example, at 35 to 300*^C and 75 to 350 
atmospheres. Thereafter, the supercritical fluid is 
5 gasified and removed at normal temperature and normal 

pressure, and the porous carrier is heated at about 100 to 
600^C in vacuo or in a non • oxidative atmosphere such as Ar 
or N2, whereby the metal catalyst is attached to the porous 
material . 

10 [0035] Preferable examples of the hydrocarbon gas used for 
the synthesis include acetylene. The use of acetylene 
allows the synthesis of single wall tubes with high purity. 
Other examples of the hydrocarbon gas include known methane, 
ethylene, carbon monoxide, and benzene. 

15 [0036] As described above, according to the method of the 
present invention for producing single wall carbon 
nanotubes, carbon nanotubes having a relatively small 
diameter (1.2 nm or less) are obtained. The carbon 
nanotubes have a small diameter, so that they are suitable 

20 for the uses as, for example, emitter materials for 
electron-emitting devices. 

[0037] Detailed preparation procedures and the properties 
of the resultant carbon nanotubes are described below with 
reference to Embodiments 2 to 6. 
25 [0038] [Embodiment 2] An Fe/Co catalyst was attached to 

zeolite pores using a heat-resistant Y type zeolite powder 
(manufactured by Tosoh Corporation; HSZ-390HUA, Si02/Al203 
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molar ratio: 200) and catalyst metal compounds (iron (II) 
acetate, cobalt (II) acetate tetratydra te) , The content of 
each catalyst was 2.5 wt% . Subsequently, the catalyst 
powder was placed on a quartz boat, and prebaked at 600°C 
for 30 minutes in an Ar atmosphere under 1 atmosphere (Ar 
flow rate: 120 ml/min). Subsequently, the temperature was 
increased to three reaction temperatures (800*^0, 850®C, and 
900°C) , and heat treatment was conducted for 30 minutes in 
an Ar/CjHj atmosphere under 1 atmosphere (Ar/C2H2 flow rate: 
150 ml/min / 10 ml/min) . After the heat treatment, the 
reaction product was observed with a transmission electron 
microscope (TEM) , and it was found that bundles of single 
wall tubes were formed at all the reaction temperatures. 
Fig, 2 shows the result of the synthesis at 900**C. Fig, 3 
is a photograph which clearly shows that the bundles are 
composed of single wall tubes. The photograph clearly 
shows the sectional structure of the bundles. The yield of 
the single wall tubes increased as the increase in the 
reaction temperature. The carbon nanotubes were evaluated 
as to their hydrogen occlusion properties, and found to be 
able to occlude 5 to 10 wt% of hydrogen. 

[0039] [Embodiment 3] An Fe/Co catalyst was attached to 
zeolite pores using a heat-resistant Y type zeolite powder 
(manufactured by Tosoh Corporation; HSZ-390HDA, SiOj/AlzOj 
molar ratio: 200) and catalyst metal compounds (iron (II) 
acetate, cobalt (II) acetate tetratydra te) . The content of 
each catalyst was 0.5 wt% . Subsequently, the catalyst 
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powder was placed on a quartz boat, and prebaked at 600°C 
for 30 minutes in an Ar atmosphere under 1 atmosphere (Ar 
flow rate: 120 ml/min). Subsequently, the temperature was 
increased to three reaction temperatures (800°C, 850°C, and 
5 900°C) , and heat treatment was conducted for 30 minutes in 
an Ar/C2H2 atmosphere under 1 atmosphere (Ar/C2H2 flow rate: 
150 ml/min / 10 ml/min). After the heat treatment, the 
reaction product was observed with a transmission electron 
microscope (TEM) , and it was found that bundles of single 
10 wall tubes were formed at all the reaction temperatures. 
Fig. 4 shows the result of the synthesis at 900°C. The 
bundles were composed exclusively of single wall tubes, and 
scarcely contained multiwall tubes. 

[0040] With the decrease in the catalyst content, the 
15 total yield of the single wall and multiwall tubes 

decreased, but the yield of the single wall tubes increased. 
Fig. 5 is a graph showing the dependence of the yield of 
the single wall tubes on the catalyst content. The 
catalyst content is preferably 0.1 to 20 wt%, and more 
20 preferably 0.2 to 5 wt% . The yield of the single wall 

tubes was higher when the catalyst content was 0.2 to 5 wt% . 
The carbon nanotubes were evaluated as to their hydrogen 
occlusion properties, and found to be able to occlude 5 to 
10 wt% of hydrogen. 
25 [0041] [Embodiment 4] An Fe/Co catalyst was attached to 

zeolite pores using a heat-resistant Y type zeolite powder 
(manufactured by Tosoh Corporation; HSZ-390HDA, Si02/Al203 
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molar ratio: 200) and catalyst metal compounds (iron (II) 
acetate, cobalt (11) acetate te tra tydrate) . The content of 
each catalyst was 0.5 wt% . Subsequently, the catalyst 
powder was placed on a quartz boat, and prebaked at 600^0 
5 for 30 minutes in an Ar atmosphere under 1 atmosphere (Ar 
flow rate: 120 ml/min). Subsequently, the temperature was 
increased to two reaction temperatures (600**G and 900°C) , 
and heat treatment was conducted for 10, 30, and 60 minutes 
in. an Ar/C2H2 atmosphere under 1 atmosphere {Ar/C2H2 flow 
10 rate: 150 ml/min / 10 ml/min). After the heat treatment, 
the yield was measured. 

[0042] Fig. 6 is a graph showing the relationship between 
the heat treatment time (reaction time) and the yield (the 
ratio of the weight of the reaction product excluding the 

15 weight of the above - described reaction product to the 

loading of the zeolite powder including the catalyst) at 
the reaction temperatures of 600®C and SOO^'C. Fig. 7 is a 
graph showing the relationship between the heat treatment 
time (reaction time) and the relative yield (the ratio of 

20 the yield at respective reaction times to the yield at the 
reaction time of 60 minutes) at reaction temperatures of 
600^C and 900^C. These results indicate that, for example, 
at the reaction temperature of 900®C, the relative yield 
was 95% or more at the reaction time of 30 minutes, and the 

25 synthesis was almost completed at the reaction time of 
about 30 minutes. 

[0043] [Embodiment 5] An Fe/Co catalyst was attached to 
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an FSM powder (prepared by the inventors: pore diameter: 2 
to 3 nm) . The content of each catalyst was 2.5 wt%. 
Subsequently, the catalyst powder was placed on a quartz 
boat, and prebaked at 600*^0 for 30 minutes in an Ar 
5 atmosphere under 1 atmosphere (Ar or N2 flow rate: 120 
ml/min). Subsequently, the temperature was increased to 
three reaction temperatures (800*^0, 850°C, and 900°C), and 
heat treatment was conducted for 30 minutes in an Ar/CzHa 
atmosphere under 1 atmosphere (Ar/C2H2 flow rate: 150 

10 ml/min / 10 ml/roin) . After the heat treatment, the 

reaction product was observed with a transmission electron 
microscope (TEM) , and it was found that bundles of single 
wall tubes were formed at all the reaction temperatures. 
Fig. 8 shows the result of the synthesis at SOC^C. The 

15 carbon nanotubes were evaluated as to their hydrogen 

occlusion properties, and found to be able to occlude 5 to 
10 wt% of hydrogen. 

[0044] [Embodiment 6] An Fe/Co catalyst was attached to 
an aluminum oxide powder having a hollow structure 

20 (prepared by the inventors: pore diameter: 2 to 3 nm) . The 
content of each catalyst was 2.5 wt%. Subsequently, the 
catalyst powder was placed on a quartz boat, and prebaked 
at 600^C for 30 minutes in an Ar atmosphere under 1 
atmosphere (Ar or N2 flow rate: 120 ml/min). Subsequently, 

25 the temperature was increased to three reaction 

temperatures (SOO^C, 850'*C, and 900°C), and heat treatment 
was conducted for 30 minutes in an Ar/C2H2 atmosphere under 
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1 atmosphere (Ar/C2H2 flow rate: 150 ml/min / 10 ml/min). 
After the heat treatment, the reaction product was observed 
with a transmission electron microscope (TEM) , and it was 
found that bundles of single wall tubes were formed at all 
5 the reaction temperatures. The carbon nanotubes were 

evaluated as to their hydrogen occlusion properties, and 
found to be able to occlude 5 to 10 wt% of hydrogen. 
[0045] In the above embodiments, carbon nanotubes were 
prepared according to the method of the present invention 
10 for producing single wall carbon nanotubes. The following 
are comparative examples for examining the effect of the 
present invention . 

[0046] [Comparative Example 1] An Fe/Co catalyst was 
attached to zeolite pores using a heat-resistant Y type 

15 zeolite powder (manufactured by Tosoh Corporation; HSZ- 
390HUA) and catalyst metal compounds (iron (11) acetate, 
cobalt (II) acetate tetratydrate) . The content of each 
catalyst was 20 wt% . Subsequently, the catalyst powder was 
placed on a quartz boat, and prebalced at 600°C for 30 

20 minutes in an Ar atmosphere under 1 atmosphere (Ar flow 
rate: 120 ml/min). Subsequently, the temperature was 
increased to three reaction temperatures (800^C, 850°C and 
900**C) , and heat treatment was conducted for 30 minutes in 
an Ar/C2H2 atmosphere under 1 atmosphere (Ar/C2H2 flow rate: 

25 150 ml/min / 10 ml/min) . After the heat treatment, the 

reaction product was observed with a transmission electron 
microscope (TEM), and it was found that bundles of 
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multiwall tubes were formed at all the reaction 
temperatures. Fig. 9 shows the result of the synthesis at 
900°C. The photograph shows the generation of multiwall 
tubes. Single wall tubes were slightly observed in the 
5 other visual field. With the increase in the catalyst 

content, the total yield of the single wall and multiwall 
tubes increased, but the yield of the single wall tubes 
decreased. The dependence of the yield of the single wall 
tubes is as shown in Fig. 6. 

10 [0047] [Comparative Example 2] An Fe/Co catalyst was 

attached to a Y type zeolite powder using a Y type zeolite 
powder (manufactured by Tosoh Corporation; HSZ-320NAA) as 
porous carrier. Subsequently, the catalyst powder was 
placed on a quartz boat, and prebaked at 600®C for 30 

15 minutes in an Ar atmosphere under 1 atmosphere (Ar or N2 

flow rate: 120 ml/min) . Subsequently, the temperature was 
increased to three reaction temperatures {600®C, 700°C and 
900**C) , and heat treatment was conducted for 30 minutes in 
an Ar/C2H2 atmosphere under 1 atmosphere (Ar/C2H2 flow rate: 

20 100 ml/min / 15 ml/min). After the heat treatment, the 

reaction product was observed with a transmission electron 
microscope (TEH), and it was found that multiwall tubes 
were formed at all the reaction temperatures. Fig. 10 
shows the result of the synthesis at 7 00*^0. In this case, 

25 no single wall carbon nanotube was formed at 900^C. The 

yield and crys tall ini ty of the multiwall tubes were better 
at lower temperatures. These results indicate the use of a 
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porous carrier having high heat resistance, which composes 
the present invention, is important for the formation of 
single wall carbon nanotubes . 

[0048] The embodiment described below makes it possible to 
remove the heat-resistant zeolite used for the synthesis of 
carbon nanotubes. 

[0049] [Embodiment 7] When heat-resistant zeolite was 
used as the heat-resistant porous carrier, the heat- 
resistant zeolite powder was removed after the synthesis of 
single wall tubes or multiwall tubes by heat treatment at 
an ambient pressure of 0.01 Torr and a temperature of 
2000°C. Fig. 11 is a transmission electron microscope 
(TEM) image of the carbon nanotubes after removal of heat- 
resistant zeolite by heat treatment. The image includes 
carbon nanotubes only, which indicates that the heat- 
resistant zeolite was removed. The heat-resistant zeolite 
powder is stable against acids and resists removal by an 
acid. However, the heat-resistant zeolite powder can be 
removed by the above - described heat treatment. 
[0050] 

[Advantageous Effect of the Invention] As is evident from 
the above explanation, according to the present invention, 
single wall carbon are produced with high efficiency. 
[Brief Description of the Drawings] 

[Fig. 1] Fig. 1 is a schematic view of the synthesizing 
apparatus for single wall nanotubes (SWNT) according to 
Embodiment 1 of the present invention. 
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[Fig. 2] Fig. 2 shows a transmission electron microscope 
(TEM) image of bundles of the single wall carbon nanotubes 
synthesized by the production method according to 
Embodiment 2 of the present invention. 
5 [Fig. 3] Fig. 3 shows a transmission electron microscope 

(TEM) image of the single wall carbon nanotubes synthesized 
by the production method according to Embodiment 2 of the 
present invention, 

[Fig. 4] Fig. 4 shows a transmission electron microscope 
10 (TEM) image of the single wall carbon nanotubes synthesized 
by the production method according to Embodiment 3 of the 
present invention. 

[Fig. 5] Fig. 5 is a graph showing the dependence of the 
yield of the single wall tubes on the catalyst content. 
15 [Fig. 6] 6 is a graph showing the relationship between 
the heat treatment time and the yield (reaction 
temperatures: 600''C, 900°C) . 

[Fig. 7] Fig. 7 is a graph showing the relai tionship 
between the heat treatment time and the relative yield 

20 (reaction temperatures: 600*'C, SOO^'C). 

[Fig. 8] Fig. 8 is a transmission electron microscope 
(TEM) image of the single wall carbon nanotubes synthesized 
by the production method according to Embodiment 5 of the 
present invention. 

25 [Fig. 9] Fig. 9 is a transmission electron microscope 
(TEM) image of the carbon nanotubes synthesized by the 
production method according to Comparative Example 1. 
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[Fig. 10] Fig. 10 is a transmission electron microscope 
(TEM) image of the carbon nanotubes synthesized by the 
production method according to Comparative Example 2. 
[Fig. 11] Fig. 11 is a transmission electron microscope 
(TEM) image of the carbon nanotubes after removal of heat- 
resistant zeolite by heat treatment. 
[Reference Numerals] 

1 Electric furnace 

2 Quartz tube 

3 Quartz boat 
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Fig . 1 

Catalyst/ support material 
Fig , 5 

Yield of single wall tubes (%) 
Catalyst content (wt%) 

Fig. 6 
Yield {%) 

Synthesis time (min) 
Fig. 7 

Relative yield (%) 
Synthesis time (min) 
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